When budding cells of Candida albicans are starved for 20min and then diluted into fresh nutrient medium at 37 "C, pH 6.7, they form mycelia by two alternative modes. For cells with small buds, the bud expands apically, resulting in a transiently tapered daughter cell. With continued growth, the daughter cell tapers into an elongated mycelium. For cells with large buds, the bud completes expansion in the budding form, the mother cell and then the daughter bud evaginate, and the evaginations grow as mycelia. The present study investigates whether the temporal and spatial changes in the zones of wall expansion during bud growth are involved in the two modes of mycelium formation. Data are presented which demonstrate that the transition circumference which determines the two modes of mycelium formation and the transition circumference at which the active apical expansion zone shuts down are both 7 pm. This exact correlation suggests that starved cells with buds with a circumference of less than 7pm form mycelia in the tapering mode due to the reactivation of the still present apical expansion zone, and that starved cells with buds with a circumference greater than 7pm complete bud growth by general expansion due to the absence of the apical expansion zone at the time of star vat ion.
INTRODUCTION
The infectious yeast Candida albicans grows in either a budding or a mycelial form (Soll, 1984 (Soll, , 1985a Buffo et al., 1984; . Both forms are found in infected tissues (Odds, 1979) and transitions between the two are readily induced in vitro (for review see Soll, 1985b) . Although the most common methods for inducing the yeast to mycelial transition use budding cells in the stationary phase, budding cells in the exponential phase of growth can also be induced to form mycelia if they are first starved for 20 min, then released into fresh nutrient medium at 37 "C (Soll & Herman, 1983) . Interestingly, when exponential phase cells are released from starvation, they enter one of two modes of mycelium formation depending upon the volume of the released bud (Soll & Herman, 1983) , which in turn reflects the position of the cell in the budding cycle (Soll, 1984) . If the starved cell possesses a small bud, then when it is released into fresh nutrient medium, the bud elongates apically, tapering into an elongated mycelium with continued growth. If the starved cell possesses a larger bud, then when it is released into fresh medium, the bud continues to grow to maximum volume, the mother cell and in turn bud evaginate, and each evagination grows as a mycelium (Soll & Herman, 1983) .
This difference in the mode of mycelium formation may reflect differences in the dynamics of cell wall formation, In a recent report, the zones of cell wall expansion were mapped during bud and mycelium formation after release from stationary phase (Staebell & Soll, 1985) . Clear temporal and spatial differences accompanied the budding cycle. During the first two-thirds of bud wall expansion, a highly active, localized apical zone accounted for 70% of wall growth; the remaining 30% was due to generally distributed wall expansion. When a bud reached two-thirds of its final surface area, the apical zone shut down and subsequent wall expansion was due exclusively to general expansion. In contrast, over 90% of wall expansion in mycelia was due to a highly active apical zone, and this remained the case as long as the cell continued to grow in the mycelial form (Staebell & Soll, 1985) .
The difference in the mode of mycelium formation between small and large buds of starved exponential phase cells may be related to the shut-down of the apical expansion zone. Small buds, which possess an active apical growth zone at the time of starvation, may utilize this active zone in the transition from a budding growth pattern to a mycelial growth pattern without evagination. In contrast, large buds, which do not possess an active apical growth zone at the time of starvation, may be incapable of converting to a mycelial growth pattern and may, therefore, wait until the next round of evaginations, when new apical zones are formed. The results of experiments reported in the present study support this suggestion.
M E T H O D S
Stock culture conditions. Methods for maintaining stock cultures of wild-type strain 3 153A of Candida albicans were identical to those described previously Bedell et al., 1980) . For experimental purposes, cells were grown in 25 ml of defined medium (Lee et al., 1975) supplemented with 70 yg arginine ml-I in 125 ml plastic Erlenmeyer flasks. These cultures were supplemented with zinc to 0.1 mM (Bedell & Soll, 1979; Sol1 et al., 1981; Soll, 1985~) . Culture flasks were rotated in a New Brunswick rotatory shaker at 200 r.p.m. at 25 "C. For exponential phase, cells were harvested at 2 x lo7 spheres ml-I. Mass culturing was continued for no more than 3 weeks. Cells were then cloned from agar slants maintained at 4°C.
Starcation and induction yf'mycelium ,fbrmation in mass culture. To induce mycelium formation in exponential phase cell cultures, a stock culture was grown to mid-exponential phase at 25 "C, diluted 100-fold in fresh medium, and grown to mid-exponential phase again. This was done in sequence three times to ensure that the exponential cell population had equilibrated. Cells were then pelleted, washed twice in non-nutrient buffered salts solution [5 g NaCl, 5 g (NHJ2S04, 2.5 g K2HP0, (anhydrous), 0.2g MgS04.7H20, in 1 litre of double distilled water, pH 6.51, and then resuspended in 25 ml of this solution in a 125 ml Erlenmeyer flask. The cell concentration in this final culture was 2 x lo7 spheres ml-I. This starvation culture was incubated on a rotatory shaker at 200 r.p.m. at 25 "C. Mycelium formation was induced in mass culture by pelleting cells from the starvation medium and diluting them into fresh nutrient medium, pH 6.5, prewarmed to 37 "C in an Erlenmeyer flask (Soll & Herman, 1983) . For perfusion chamber studies, exponential phase cells were washed free of nutrient medium, treated for bead adhesion by the methods described below, then inoculated into a perfusion chamber by the method described in the final section, and perfused first with non-nutrient buffered salts solution for 20 min, then with fresh nutrient medium, pH 6.5, prewarmed to 37 "C.
Bead attachment. The method for coating polystyrene beads with polylysine was as described previously (Staebell & Soll, 1985) . The diameter of the beads used in the present study was 0.5 ym. Beads were coated with polylysine within 2 h of cell attachment.
To mark cells with beads, 0.7 ml of a suspension of cells was mixed with 0.3 ml of polylysine-coated beads, vortexed and lightly sonicated. This mixture was incubated for 1 min, pelleted and resuspended in 1 ml of prewarmed nutrient medium.
Monitoring bead position in a perfitsion chamber. The methods for preparing a perfusion chamber, inoculating cells into the chamber, and monitoring growth and bead position have been presented in detail previously (Soll & Herman, 1983; Staebell & Soll, 1985) . In brief, a droplet of cells with attached beads was inoculated into an open Sykes-Moore chamber, the inner glass wall of which was treated with polylysine. The opposing chamber wall was immediately set in place and the chamber perfused with fresh nutrient medium, pH 6-5, at 37 "C and warmed by an air curtain incubator (Sage 299; Orion Res., Mass., USA). The temperature was monitored continuously in the chamber by a digital thermometer with a microprobe inserted into the perfusion chamber through one of the self-sealing orifices. Medium was perfused through the chamber at a flow rate of 0.5 ml min-l. The chamber was clamped onto the stage of a Leitz microscope equipped with a video camera and long range condenser lens. Video tapes of cells attached to the chamber wall were made with an RCA camera (TC1005) attached to a Panasonic video casette recorder (Soll & Herman, 1983) .
Assessing the zones of'wall expansion by beadposition. The methods for assessing the zones of cell wall expansion by monitoring bead position with time were similar to those described previously (Staebell & Soll, 1985) . In brief, time-lapse video recordings of cells and adhering beads were made every 10 min. Video images were projected as still frames on a video screen. The mother and daughter cell peripheries were copied from the monitor screen onto transparent plastic overlays. Morphometric measurements were then made with a digitizer (Laboratory Computer Systems, Cambridge, Mass., USA) connected to an IBM personal computer programmed for rapid calculation of morphometric parameters. the surface distance between the bead and the daughter cell apex; n, the surface distance between the mother cell-daughter cell junction and the daughter cell apex. The surface distance in each case is represented by a dotted line.
Three parameters were measured for bead position on buds or tapering cells (Fig. 1 ). In the former case ( Fig.  1 a) , I represented the surface distance between the mother cell-bud junction and the bead position, m represented the surface distance between the bead position and the apex of the bud, and n represented the bud semicircumference (/ + m). In the latter case ( Fig. 1 b) , I represented the surface distance between the mother cellbud junction and the bead position, M represented the surface distance between the bead position and the apex, and ii represented the surface distance between the mother cell-bud junction and the apex.
R E S U L T S

Mid-exponential phase cells exhibit two patterns of' wall expansion dependent upon bead size
We previously demonstrated that during bud formation in released cultures of stationary phase cells, wall expansion was initially due to a major apical and minor general component, and during the last part of bud growth, to the general component alone (Staebell & Soll, 1985) . In the present study, we first tested whether the same programme of wall expansion functioned during bud growth in exponential phase cultures.
Cells in the mid-exponential phase of growth were marked with polylysine-coated beads, inoculated into a perfusion chamber, and monitored for bud growth and bead position. Two patterns of bead behaviour were observed during bud growth. An example of a cell exhibiting the first pattern, previously referred to as pattern A (Staebell & Soll, 1985) , is presented in Figs 2(a) and 2(6). In this particular example, the bead was initially positioned at the bud meridian, half way between the bud apex and the mother cell-bud junction. The values of I and m were almost identical. During subsequent wall expansion, the distance between the mother cell-bud junction and the bead ( I ) increased at a low but roughly constant rate (Fig. 2a) . In contrast, the distance between the bead and bud apex (m) first increased at a rapid rate, then at a lower rate during completion of bud growth (Fig. 2a) . The ratios of these two distances ( I and m) to total semi-circumference (n), when plotted as a function of time, demonstrate more clearly the difference between I and m expansion (Fig. 2b) . The ratio I/n decreased from 0.46 to 0-29 between 0 and 50 min, then stabilized ; in contrast, the ratio m/n increased from 0.54 to 0.71, then stabilized. Ratio stabilization occurred at 50 min, even though significant wall expansion continued through 80 min (compare Fig. 2 b to 2a) . This pattern was observed in 1 1 marked buds with initial circumferences of 7 pm or less (unfilled bars in Fig. 3a ).
An example of a cell exhibiting the second pattern, previously referred to as pattern B (Staebell & Soll, 1985) , is presented in Figs 2(c) and 2(d). In this particular example, the bead was initially positioned closer to the mother cell-bud junction. The value I was roughly half of m. The circumference of the bud at the time of bead attachment (zero time) was approximately 70% of its final size. During subsequent wall expansion, both the distance between the mother cellbud junction and bead (I), and between the bead and bud apex (m) increased at roughly the same rates (Fig. 2c) . This is demonstrated by the constant values of l/n and m/n during the entire period of incubation (Fig. 2d) . This pattern was observed in 10 marked buds with initial circumferences of 7 pm or more (filled bars in Fig. 3a) . (Staebell & Soll, 1985) occurs in cells with small buds; (b) the 'evagination mode'occurs in cells with large buds. Note that in the latter case, the mother cell always evaginates before the daughter bud.
In Fig. 3 the distributions of pattern A (unfilled bars) and pattern B (filled bars) are compared as functions of initial bud circumference at the time of bead adhesion for buds from midexponential phase cells (Fig. 3a) and for buds from released stationary phase cells (Fig. 36) . The transition circumference between the two patterns is 7 pm in both populations. Therefore, the dynamics of wall expansion appear to be the same. During the first part of bud growth, the major portion of wall expansion is due to growth at the apex, and a minor portion is due to general wall growth which is evenly distributed throughout the wall. When the bud expands to more than half of its final circumference, the apical zone shuts down, and the general component continues until final bud volume is achieved. For a more complete description of the data and the analysis which results in this interpretation of wall expansion, see Staebell & Soll (1985) .
The two modes of mycelium formation
We previously demonstrated that when budding exponential phase cultures are starved for 20 min, then released into fresh medium at 37 "C, pH 6.7, cells formed mycelia by two modes which depended upon the volume of the bud at the time of starvation (Soll & Herman, 1983) . If the bud was relatively small at the time of starvation, when released into fresh medium it reinitiated growth by apical elongation. With continued growth, the cell elongated apically to form an elongated hypha, or mycelium, emanating from the original bud apex. This first mode of mycelium formation, which we will refer to as the 'tapering mode' is illustrated in Fig. 4(a) .
Alternatively, if the bud was relatively large at the time of starvation, when released into fresh medium it reinitiated growth by first completing what appeared to be normal bud expansion. At the completion of bud growth, first the mother cell and then the daughter bud evaginated, and each evagination grew as a narrow, elongated mycelium. This second mode of mycelium formation, referred to as the 'evagination mode', is illustrated in Fig. 4(b) .
Expansion zones during the two modes of mycelium formation
The expansion zones of starved exponential phase cells were assessed by attaching polylysinecoated beads to the surface of cells immediately after washing them free of nutrient medium, inoculating marked cells into perfusion chambers, and perfusing them first with starvation medium for 20 min and then with nutrient medium at 37 "C, pH 6.7. Video recordings were made of the released cells and relevant measurements made of bead position by the procedure outlined in Methods and detailed in Staebell & Soll (1985) .
Figs 5 (a) and 5 (c) show two examples of bead position on small buds during starvation and subsequent outgrowth in the tapering mode. In the first example (Fig. 5a ) the semicircumference (n) of the bud at the time of starvation was 2.7 pm and the bead was initially positioned 1.1 pm from the mother cell-bud junction (distance I ) and 1-6 prn from the bud apex (distance m). After dilution into fresh medium, 1 remained absolutely constant for 85 subsequent minutes, but m increased at a constant rate of 1-5 pm per 10 min. The ratio l/n decreased continuously and the ratio m/n increased continuously throughout the period in nutrient medium (Fig. 5 b) . Similar results are evident in the second example in Figs. 5 (c) and 5 (d). Table 1 (a) shows the results for nine individual buds which formed mycelia by the tapering mode. Regardless of the position of the bud, in all cases the distance 1 remained constant but rn expanded at a constant rate. These results demonstrate that in the tapering mode, expansion is always apical to the position of the bead.
Figs 6 ( a ) and 6(c) show two examples of bead position on large buds during starvation and subsequent outgrowth in the evagination mode. In the first example (Fig. 6a) , the semicircumference (n) of the bud at the time of bead attachment was 5 pm and the bead was initially positioned 4.1 pm from the mother cell-bud junction ( I ) and 1 pm from the bud apex (m). After dilution into fresh medium, 1 and rn increased at the same relative rates until the termination of bud expansion by 40 min. The ratios l/n and m/n remained relatively constant through the period of expansion (Fig. 6b) . Similar results are evident in the second example in Figs 6 ( c ) and 6 ( d ) . Table 1 (b) shows the results for four individual buds which formed mycelia by the evagination mode. In all cases, the ratios l/n and m/n remained relatively constant throughout the completion of bud expansion, demonstrating that the completion of bud growth was accompanied by general bud wall expansion, not by apical wall expansion.
We also examined the expansion zones of the mycelia which formed on the mother cell and then the bud after evagination. In both cases, expansion was almost exclusively apical, as was demonstrated for mycelium formation after release from stationary phase. The results are not presented since they are identical to ones previously reported (Staebell & Soll, 1985) . Symbols : I, surface distance between mother cell-bud junction and bead ; m, surface distance between bead and daughter cell apex; n, surface distance between mother cell-bud junction and daughter cell apex. See Fig. 1 for a diagram of these parameters. Subscript 0 represents distance at the time of bead attachment; subscript 85 represents distance after 85 rnin of perfusion with fresh nutrient medium at 37 "C, pH 6.7. Transition circumference between the two modes of mycelium formation As we have mentioned, starved cells with small buds formed mycelia through the tapering mode and starved cells with large buds formed mycelia after the completion of bud growth by first re-evaginating. We have demonstrated that a very discrete transition circumference of 7 pm exists between buds which possess both an active apical expansion zone and general expansion, and buds which possess only general expansion (Fig. 3a) . We therefore analysed 34 randomly selected budded cells for initial circumference at the time of starvation, and the mode of mycelium formation after release into fresh medium at 37 "C, pH 6.7. The distribution of cells forming mycelia by the tapering mode (unfilled bars) and by the evagination mode (hatched bars) were plotted as functions of the original bud circumference in Fig. 7 . A clear transition circumference is apparent at 7 pm, the same transition circumference observed for the shutdown of the active apical expansion zone (Fig. 3a) .
DISCUSSION
In a recent comparison of wall expansion during bud and mycelium formation, we demonstrated that distinct temporal and spatial differences exist (Staebell & Soll, 1985) . During the initial portion of bud growth, an active apical zone accounts for roughly two-thirds of the rate of wall expansion and the remaining one-third is due to general, or equally distributed, expansion. During the final part of bud growth, the apical zone shuts down, and completion of the wall is due solely to the general component. In contrast, during mycelial growth, an active apical zone is responsible for virtually all of wall expansion, and this expansion zone remains active as long as growth continues in the mycelial mode (Staebell & Soll, 1985) .
In the present study, we have first demonstrated that budding cells in the exponential phase of growth progress through the same temporal programme of changes in expansion zones as released stationary phase cells. In addition, we have found that the transition circumference which marks the shut-down of the apical expansion zone during bud growth is 7 pm, in both released stationary phase cultures and in mid-exponential phase cultures.
In the present study, we found the transition circumference between the two modes of mycelium formation for starved exponential phase cells which are released into myceliuminducing medium to be 7 pm. This result suggests that a relationship exists between the shutdown of the apical expansion zone and the mode of mycelium formation. When starved exponential phase cells with bud circumferences of less than 7 pm are released into myceliuminducing medium, they elongate apically and, with continued growth, taper into narrow mycelia. The dynamics of the positions of adhering beads clearly demonstrate that all expansion in the tapering mode of mycelium formation is distal to the original position of the bead, indicating that the apical zone accounts for all of wall growth. It should be noted that when cells with circumferences of less than 7 ym are removed from growth medium and suspended in starvation medium, they possess highly active apical expansion zones.
In contrast, when starved exponential phase cells with bud circumferences greater than 7 ym are released into mycelium-inducing medium, they complete bud growth by general expansion, in the absence of the formerly dominant apical expansion zone. It should be noted that when cells with circumferences greater than 7 ym are removed from growth medium and suspended in starvation medium, the apical expansion zone has already shut down. It therefore seems likely that the state of the growth zones at the time of starvation dictates the mode of subsequent mycelium formation. In the tapering mode, the apical growth zone is reactivated; and in the evagination mode, general expansion is reactivated. In the latter mode, two new apical expansion zones are eventually generated at the sites of mother cell and bud evagination.
The results of the present study reaffirm our previous conclusion (Staebell & Soll, 1985) that the two mechanisms of cell wall expansion, apical and general, are temporally regulated during bud formation, and strongly suggest that the two modes of mycelium formation by starved exponential phase cells reflect the activity, or inactivity, of the apical zone. A mechanism which is tuned to either cell size or to an event in the cell cycle shuts down the apical zone in budding cells but not in mycelium-forming cells. This mechanism represents a fundamental difference between the two growth phenotypes of Candida albicans and can be controlled simply by the pH of the supporting medium under the regime of pH regulated dimorphism. Its elucidation will therefore be critical in our understanding of Candida dimorphism.
